The issue of multidrug resistant bacteria is a worldwide health threat. To develop new antibacterial agents with new mechanisms of action is thus an urgent request to address this antibiotic resistance crisis. In the present study, a new thiophenyl-pyrimidine derivative was prepared and utilized as an effective antibacterial agent against Gram-positive strains. In the tests against MRSA and VREs, the compound showed higher antibacterial potency than that of vancomycin and methicillin. The mode of action is probably attributed to the effective inhibition of FtsZ polymerization, GTPase activity, and bacterial cell division, which cause bactericidal effects. The compound could be a potential candidate for further development as an effective antibiotic to combat drug-resistant bacteria.
Introduction
In the past few decades, antibiotics have made a very signicant contribution to the improvement of public health globally. Using antibiotics against bacteria was once considered the ultimate victory in ghting bacterial infections. Unfortunately, due to the improper use of antibiotics, bacteria can develop strong resistance to conventional antibiotics, which means that the battle is endless.
1,2 Strong antibacterial resistance reduces the effectiveness for treatment of pathogenic bacterial infections and currently causes serious threats to public health worldwide. For example, both methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus faecium (VRE) are representative of bacteria resistant to some of the clinical antibiotics currently used, 3, 4 such as methicillin and vancomycin. To combat the antibiotic resistance crisis, there is an urgent need to develop new antibiotics through the exploration of new chemotypes and targets of inhibition.
As far as current research is concerned, bacterial divisome is considered as a new area to develop new type antibiotics. 5 Among the proteins in the divisome, FtsZ is considered as an attractive target for drug discovery since it is highly conserved in the bacterial kingdom. More importantly, FtsZ protein is not found in the mitochondria of higher eukaryotes. 6, 7 In addition, its biochemical activity is well-studied. 6, 7 FtsZ is an essential protein in bacterial cell division machinery because both GTPdependent polymerization at midcell and the followed dynamic circular ring formation at the site of division are regulated by the protein. These biological activities are critically associated many other cell division proteins to produce bacterial daughter cells. 8 The functional importance of FtsZ renders it as a good target for the discovery of new antibacterial agents.
9
Some compounds have recently reported to inhibit the biological activity of the FtsZ protein and then to block the bacterial cell division. 6, 7, 10, 11 Mostly the GTP binding pocket or the H7 helix was found to be the binding target of the compounds. Nevertheless, no compound is able to move forward with a clinical trial. To expand the chemical diversity further with new chemotypes that target at the bacterial cell division may be a better choice for future development. In our previous study, we have identied a FtsZ inhibitor possessing a 2,4-disubstituted-6-thiophenyl-pyrimidine and a chiral amino quinuclidine moiety (E20, Fig. 1 ) through in silico virtual screening. 12 This compound possesses weak inhibitory effects against bacteria and FtsZ protein. Nonetheless, the chiral quinuclidine moiety of the compound is structural complicated and thus impels further structural modication and investigation. In this study, the antibacterial activity of a new 2,4-disubstituted-6-thiophenylpyrimidine derivative (F20) shown in Fig. 1 was investigated and also studied its mode of action on FtsZ.
Materials and methods

Materials
The preparation of F20 was followed the previous report, 10 and details of preparation and characterization of F20 can be referred to the ESI. † The pathogenic bacterial stains, Staphylococcus aureus (ATCC 29213, 29247, BAA-41, BAA-1717, BAA-1720, and BAA-1747), Staphylococcus epidermidis (ATCC 12228), Enterococcus faecium (ATCC 49624 and 700221), Enterococcus faecalis (ATCC 29212 and 51575), Escherichia coli (ATCC 25922 and BAA-2469), Klebsiella pneumoniae (ATCC BAA-2108) and Pseudomonas aeruginosa (ATCC BAA-1144) were ordered from American Type Culture Collection (ATCC, USA). Bacillus subtilis strain 168 was already available in our collection. Other materials were purchased from Sigma-Aldrich or Tin Hang Technology Limited.
Antimicrobial susceptibility assay
The antibacterial activities of F20 against the tested strains were estimated following the micro-dilution methods that are described in the Clinical and Laboratory Standards Institute (CLSI) guidelines.
13 Different bacterial strains were cultured with appropriate nutrient broth solution, 14 in the absence or presence of various concentration of F20. The minimum inhibitory concentration (MIC) was dened as the lowest concentration of a compound causing no visible growth of bacteria. The minimum bactericidal concentration (MBC) was estimated by spreading 10 mL of bacterial culture from the MIC test onto Trypticase Soy Broth (TSB) agar plate, and MBC was dened the lowest concentration of a compound at which colonies were not observed aer incubating at 37 C for 24 h. 13, 15 Three independent assays were performed for MIC and MBC tests.
FtsZ polymerization assay
S. aureus and E. coli FtsZ protein was prepared by following the previously reported procedures.
14, 16 The polymerization of FtsZ was monitored through a light scattering assay at 37 C, which was described in the literature. 14 Briey, FtsZ (6 mM) in 20 mM of Tris buffer (pH 7.4, containing 0.01%Triton X-100 to avoid compound aggregation) was placed in a 10 Â 2 mm (excitation path) cell, the reaction was started by consecutive additions of 20 mM KCl, 5 mM MgCl 2 , 1 mM GTP and different concentrations of the test compound. 1% DMSO and 50 mg mL À1 methicillin were tested as vehicle and negative in this assay.
GTPase activity assay
An ATPase/GTPase Activity Assay Kit (Sigma MAK113) was used to detect the effect of F20 on the GTPase activity of SaFtsZ and EcFtsZ. This assay was performed by following the previously study. 17 Briey, FtsZ (6 mM) was preincubated with vehicle (1% DMSO) or different concentrations of each compound in 20 mM Tris buffer (pH 7.4, containing 0.01%Triton X-100 to avoid compound aggregation) for 10 min at 25 C. Then 5 mM of MgCl 2 and 200 mM of KCl were added. Reactions were started with the addition of 500 mM GTP and incubated at 37 C. Aer 30 min, the reactions were quenched by adding 100 mL of Cytophos reagent for 10 min. Inorganic phosphate was quantied by measuring the absorbance at 650 nm with a microplate reader. Three independent tests were performed in this assay and the error bars were calculated for standard derivation.
Saturation transfer difference (STD) NMR study
The exchangeable protons of FtsZ were subjected to H-D exchange in a 50 mM sodium phosphate buffer, which contained 10% deuterium water, 50 mM NaCl and 5 mM MgCl 2 (pH 6.5, uncorrected due to deuterium effects). The STD NMR experiment was performed on a Bruker AvanceIII 600 instrument equipped with a 5 mm QCI cryoprobe. Acquisitions were performed at 298 K using the standard STD pulse sequence with a train of 50 ms Gauss-shaped pulses, each separated by a 1 ms delay for selective protein irradiation, and an alternation between on and off resonances. A T1r spinlock lter (50 ms) was incorporated to suppress protein resonances. The NMR spectrum of 20 mM FtsZ and 1 mM F20 (molar ratio 1 : 50) was recorded using the standard pulse sequence. The details can be referred to the previously reported conditions. 18 Group epitope mapping was carried out through the integration of the STD signal of the individual protons with respect to the strongest STD signal that assigned as 100%.
Visualization of bacterial morphology
The B. subtilis 168 or S. aureus ATCC 29213 cells were grown in Luria-Bertani (LB) medium for overnight. The cells were then diluted to approximately 1 Â 10 5 CFU mL À1 in the same medium containing absence or MIC concentration of F20 and incubated at 37 C for 4 h. The observation of bacterial morphology was carried out under a phase-contrast optical microscope with respect to the previous described conditions. 19, 20 2.7. Computational study
The molecular docking was conducted by using Discovery Studio (DS) 2016. A X-ray crystal structure of SaFtsZ was obtained from the PDB database (4DXD). 21 FtsZ protein and F20 were prepared and minimized for docking using the tools in DS. The docking study was conducted with the DS-CDocker protocol. 
Multistep resistance selection
A resistance selection experiment was performed to determine whether S. aureus could develop resistance to the compound F20. 22 The broth microdilution assay was employed to obtain the MIC value of the compound treated to S. aureus ATCC 29213 over 21-passage for 21 days. As reported previously, resistance could be classied when an increase in the initial MIC was found greater than four-fold. 23 
Results
In vitro antibacterial activity of F20
A number of bacterial strains including some drug-resistant strains were used to examine the antibacterial activity of F20. Methicillin and E20 were examined as the reference compounds under the same conditions. The results showed that F20 can inhibit effectively the growth of the tested Gram-positive strains including MRSA and VRE strains, with the MIC values ranged from 24 mg mL À1 to 48 mg mL À1 (Table 1) . When compared to the antibacterial activity of E20, 12 the antibacterial potency of F20 is 10-time higher than that of E20. In addition, F20 can inhibit the growth of tested MRSA strains with a MIC value of 24 mg mL À1 , which are 10 to 50 folds better than that of methicillin, and is slightly better than that of ampicillin. Moreover, F20 possesses inhibitory effects on the growth of vancomycinresistant E. faecalis and E. faecium (VREFs) with MIC values of 48 mg mL À1 , suggesting that F20 is more potent than that of vancomycin, which cannot inhibit the growth of abovementioned VREFs at the concentration of 96 mg mL À1 (Table   1) . 16 For Gram-negative bacteria, F20 shows only moderate antibacterial activity against E. coli and its antibiotics resistant mutant with the MIC values of 96 mg mL À1 . However, the compound does not have any effect on the other tested Gramnegative strains like K. pneumoniae and P. aeruginosa, at the concentration of 96 mg mL À1 .
Bactericidal test of F20 against selected bacterial strains
Aer determined the antibacterial activity of F20, we further investigated whether its antibacterial activity is bactericidal or bacteriostatic. In the test, MBC values of F20 against B. subtilis 168, S. aureus ATCC 29213, MRSA (ATCC BAA-41) and VRE (ATCC 700221) were determined ( Table 2 ). According to the CLSI standards, an MBC/MIC ratio of 1 to 2 is considered indicative of bactericidal behaviour. 13 The results show that the MBC/MIC ratios of F20 against the tested strains are equal or less than 2, indicating bactericidal activity.
F20 disrupts FtsZ polymerization
To conrm whether the FtsZ activity could be disturbed by F20, we rst assessed the impacts of F20 on FtsZ polymerization dynamics. By using the light scattering in a uorescence spectrometer, the changes in FtsZ polymerization can be determined by the corresponding absorbance changes at 600 nm. The timedependent polymerization proles of SaFtsZ and EcFtsZ in the absence and presence of F20 at a concentration range from 12 to 48 mg mL À1 was shown Fig. 2A and S2, † respectively. The results reveal that F20 inhibit the polymerization of FtsZ in a concentration-dependent manner that is similar to the reported FtsZ inhibitors. 17,22,24 50 mg mL À1 methicillin is also examined as a non-FtsZ-targeting control antibiotic in the assay ( Fig. 2A) . As expected, it shows no effect in the FtsZ polymerization.
The inhibition of GTPase activity of FtsZ by F20
Since the dynamic FtsZ polymerization depends on the rate of GTP hydrolysis, 25, 26 we investigated further the inhibitory effect of F20 on the GTPase activity of SaFtsZ and EcFtsZ. The results indicate that F20 can inhibit the GTPase activity in a dosedependent manner (Fig. 2B and S3 †) . For example, in the test of SaFtsZ, 6, 12, 24, and 48 mg mL À1 of F20 inhibited the GTPase activity of SaFtsZ by 13, 24, 48, and 53%, respectively (Fig. 2B) . The result suggests that F20 inhibits the rate of GTP hydrolysis, which is probably due to the inhibition of FtsZ polymerization.
Saturation transfer difference (STD) NMR study of F20 with FtsZ
To understand more about the interaction between F20 and FtsZ protein, STD NMR spectroscopy was applied to characterize the binding properties and to identify the epitopes of compounds showing interactions with the receptor of protein.
The relative degrees of saturation for individual protons of F20 are shown in Fig. 3 and the integral value of the largest signal is set as 100%. It was found that all of the protons of F20 displayed some degree of enhancement, which demonstrates that the interaction between the molecule and FtsZ has occurred (Fig. 3) . The largest amount of saturation transfer was observed for H1 and H2, indicating that the thiophenyl group of the molecule closely contacts with the FtsZ protein.
Effect of F20 on the cell division of bacterial cells
FtsZ inhibitors can disturb FtsZ activity and cause inhibitory effects on bacterial cell division. To investigate the mode of action of the antibacterial activity of F20, we observed the bacterial morphology of B. subtilis and S. aureus through an optical microscope under the conditions incubated with or without the compound. The treatment with F20 to the B. subtilis cells at a sublethal concentration signicantly increased the cell length. The average length of the cell was longer than 20 mm (Fig. 4A) as compared with the control that cells treated with DMSO (cell length < 10 mm, Fig. 4B ). On the other hand, treating spherical S. aureus with F20 caused the cells enlargement (Fig. S4 †) . The results obtained are consistent with the reported FtsZ inhibitors such as benzamide and quinolinium derivatives, 27, 28 suggesting that F20 could disrupt FtsZ activity and cause abnormal cell division.
Computational studies of the binding mode of F20
To probe the potential binding mode of F20 interacted with FtsZ, we also performed molecular modeling study. Ten docking poses were generated in this study and the optimal docking pose, which has the highest score (-CDOCKER energy) was selected inspect visually. The result showed that F20 could bind into the GTP binding site and fully occupied the pocket where GDP is located (Fig. 5A) . The 2-methyl-6-thiophenylpyrimidine moiety is located in a hydrophobic pocket found by the helices H1 and H7, whereas 4-triuoromethyl-benzyl linked to the 7-member homo-piperazine cyclic ring that located at the hydrophilic pocket between the glycine rich loops T1, T3 and T4 (Fig. 5A) . Three conventional hydrogen bond interactions between the triuoromethyl group of F20 and the side chains of Ala71, Gly108 and Thr109 were predicted to be established. Moreover, the side chain of Gly22, Gly70 and Glu139 could interact with F20 via carbon-hydrogen bond. A pp stacking interaction can be observed between Phe183 and pyrimidine ring. In addition, amide-p interactions between Ala26/Ala186 and thiophenyl group was found (Fig. 5B) . Several amino acids (such as Gly72, Ala73, Gly107, Thr133, Asp187, etc.) in this binding pocket can interact with F20 via van der Waals force (data not shown). However, the most stable interactions of the natural GDP with the compound observed are shared ve key binding residues including Gly22, Gly108, Thr109, Glu139 and Phe183. 
To investigate whether S. aureus develops resistance to F20
The results of resistance selection experiment on S. aureus ATCC 29213 revealed that the MIC value of F20 increases was found less than 2-fold aer 21-passage. However, the MIC value of Methicillin increased 8-fold aer 10 passages against S. aureus ATCC 29213 (Fig. 6) . These results indicate that F20 seems not readily inducing the development of resistant mutants on S. aureus.
Discussions
In this study, we showed that a thiophenyl-pyrimidine derivative F20 possesses strong antibacterial bacterial activity against Gram-positive strains with bactericidal effects. The results of biological assays also suggest that the mode of action may due to its inhibitory effect on the FtsZ activity. In the biochemical tests, F20 was found to inhibit the dynamic polymerization of FtsZ in a dose-dependent manner ( Fig. 2A and S2 †) . Similar biological phenomena can also be observed in some FtsZ inhibitors such as cinnamaldehyde and quinoline derivatives. 17, 24 In addition, F20 is able to reduce the GTPase activity in a dose dependent manner (Fig. 2B and S3 †) . In the presence of F20 (24 mg mL À1 , $50 mM), the inhibition of GTP hydrolysis activity was around 50%. Several FtsZ inhibitors were reported to suppress the GTPase activity of FtsZ, 6 such as zantrins that inhibit GTP hydrolysis with IC 50 values ranged from 20 to 100 mM (ref. 29) and the use of 9-phenoxyalkylberberine derivative at 40 mM was able to achieve 50% inhibition of GTP hydrolysis. 16 Similarly, cinnamaldehyde derivative showed 50% inhibition at 30 mg mL À1 . 24 In our previous study, E20 is able to inhibit the GTPase activity with the IC 50 value of 320 mM. 12 Thus, the inhibition ability of F20 on GTPase activity is comparable with those of other known FtsZ inhibitors and is stronger than that of E20. Recent study revealed that the treadmilling dynamics of FtsZ was determined by its GTPase activity, 25 suggesting that any interference on the GTPase activity of FtsZ may cause the disruption of FtsZ polymerization and cell division inhibition. This may be the reason that some reported FtsZ inhibitors 16, 24, 28, 30 cannot inhibit GTPase activity of FtsZ completely, but it can disrupt FtsZ polymerization effectively.
In the antibacterial test, F20 showed a stronger antibacterial activity against Gram-positive strains than Gram-negative strains ( Table 1 ). The poor penetration ability of compound passing through the outer membrane of Gram-negative bacteria could be a possible reason. A similar antibacterial prole can be also found in other FtsZ inhibitors, such as 9-phenoxyalkylberberine and benzamide derivatives. 16, 27 The result of morphological study suggests that the possible mechanism of antibacterial could be the cell division inhibitory effect induced by F20 (Fig. 4A and S4 †) . Other inhibitors of FtsZ like quinoline and benzamide derivatives, 17, 27 can also effectively induce the cell elongation of B. subtilis or enlargement of S. aureus. These results obviously suggested that the inhibition ability of F20 on the GTPase activity resulted in the disruption of the FtsZ polymerization, and then causing the inhibition of cell division and nally resulted bacterial cell death. The ndings of STD NMR study further conrm that F20 interacts with FtsZ directly. And its thiophenyl group shows more intimate contacts with FtsZ protein (Fig. 3) . This result is in line with our molecular docking study, in which F20 was predicted to bind with the GTP binding site. And the thiophenyl group was predicted to interact with Ala 26 and Ala186 of FtsZ through the hydrophobic interactions (Fig. 5B) . We also found that F20 is not readily to cause the development of resistant mutants on S. aureus. A possible reason could be attributed to the signicance for recognizing the GTP molecules at the binding site. The mutation of amino acids at this site could also cause improper recognition of GTP and disrupting normal FtsZ activity.
Conclusion
In summary, F20 shows signicant antibacterial activities against Gram-positive bacteria, which include the drugresistant bacteria like MRSA and VREF. In addition, the antibacterial mechanism of F20 was studied through different biological assays. The results probably disclose that F20 is able to bind into the GTP binding site, inhibits the activity of GTPase, disrupts FtsZ polymerization and ultimately impairs bacterial cell division to cause cell death. In addition, F20 is not easy to induce the development of resistant mutant on the tested S. aureus. Therefore, the compound could be developed further as a potent and novel antibiotic.
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